Raman shifting of tunable ArF excimer laser radiation in a mixture of H 2 and D 2 produces tunable radiation in the 224-nm region as a result of Stokes shifting the frequency of the fundamental radiation ͑193 nm͒ once in both H 2 and D 2 . At a total pressure of 25 bars, a 19% H 2 in D 2 mixture is found to provide a maximum conversion efficiency ͑2.5%͒ to the 224-nm range. Both fundamental and 224-nm radiation were used to record laser-induced fluorescence excitation spectra of nitric oxide produced in an oxyacetylene flame. From the excitation spectra, we determined the tuning range of the 224-nm radiation to be 270 cm Ϫ1 with a linewidth of 0.9 cm
Introduction
Nitric oxide ͑NO͒ is one of the principal pollutants formed in most combustion processes. Its presence can be demonstrated in situ by laser diagnostic techniques, 1 among which laser-induced fluorescence ͑LIF͒, with use of tunable excimer or dye lasers for excitation, is probably the most widely used ͑see, e.g., Ref. 1͒ . Within the tuning range of an excimer laser operated on ArF, NO can be excited on the vibronic transition D 2 ⌺ ϩ ͑Ј ϭ 0͒ 4 X 2 ⌸͑Љ ϭ 1͒ around 193 nm. 2 At this transition only hot NO molecules, with a sufficient population of the Љ ϭ 1 level, can be detected. Detection of cold NO molecules can proceed through the A 2 ⌺ ϩ ͑Ј ϭ 0͒ 4 X 2 ⌸͑Љ ϭ 0͒ band ͑ Ϸ 226 nm͒, thus probing NO molecules in the vibrational ground state. Until now all experiments on the A 2 ⌺ ϩ ͑Ј ϭ 0͒ 4 X 2 ⌸͑Љ ϭ 0͒ transition have employed frequency-doubled dye laser systems yielding UV powers of a few millijoules at most. However, many applications require a higher power, particularly for two-dimensional imaging of NO.
Therefore it would be of interest to apply high-power tunable excimer lasers in combination with stimulated Raman scattering ͑SRS͒ to excite this transition. In this paper we describe experiments that show that it is possible to excite the A
2

⌺
ϩ ͑Ј ϭ 0͒ 4 X 2 ⌸͑Љ ϭ 0͒ transition by using narrow-band ArF excimer laser radiation that is Raman shifted in a mixture of H 2 and D 2 .
The basic mechanisms of SRS of narrow-band radiation are well known. 1, 3, 4, 5 With use of a highintensity pump laser, the generated ͑first͒ Stokes line may acquire enough intensity to function as a pump for a higher-order ͑second͒ Stokes line. This process may repeat itself, so that a single pump laser of sufficient intensity may give rise to an entire progression of Stokes ͑and anti-Stokes͒ lines. By using a gas mixture as the Raman-shifting medium, we can also produce frequencies that are the result of subsequent interactions with the different constituents of the medium. So for mixed Raman media, lines with Raman shifts that are equal to the sum or difference of the vibrational frequencies of the components of the medium will occur. 6 8 In this paper we describe experiments to determine the optimal H 2 and D 2 mixture for generating tunable radiation around 224 nm, starting from an ArF excimer laser and its application to NO LIF on the A 2 ⌺ ϩ ͑Ј ϭ 0͒ 4 X 2 ⌸͑Љ ϭ 0͒ band. We applied the LIF technique to measure NO excitation spectra using both the fundamental ͑193 nm͒ as well as the Raman-shifted ͑224-nm͒ radiation. We detected fluorescence from the
⌸͑Љ ϭ 2͒ transition around 208 and 248 nm, respectively. We compared the 224-nm excitation spectrum with a spectrum measured by applying a dye laser system and with a simulated spectrum. From this comparison the influence of ambient oxygen on the 193-nm pump beam can be seen by a decrease of some of the strong lines in the spectrum measured with the Raman-shifted 224-nm radiation. We derived the net Raman shift by comparing both excitation spectra.
Experiment
A schematic view of the experimental setup is shown in Fig. 1 . The laser used in the experiment is a pulsed tunable excimer laser consisting of two laser tubes in an oscillator-amplifier configuration ͑Com-pex 350T, Lambda Physik͒. The output of this laser, operated on ArF, is tunable between 192.9 and 193.9 nm ͑tuning range of 270 cm Ϫ1 ͒ and has a linewidth of 0.9 cm
Ϫ1
. The laser can deliver a pulse energy as high as 350 mJ, but in the current experiment typically 200 mJ͞pulse is used. The shape of the beam is rectangular ͑25 mm ϫ 3 mm͒ and the pulse duration is 20 ns. We achieved absolute frequency calibration by measuring the well-known
⌸͑Љ ϭ 1͒ transition of NO ͑Ref. 9͒ in the same experiment.
To produce the Raman lines we focused the laser on a 185-cm-long, stainless-steel Raman cell filled with a mixture of H 2 and D 2 . The cell was sealed hermetically by fused-quartz windows ͑1.5 cm thick͒ and was designed to operate as high as 25 bars ͑2.5 MPa͒. The emergent radiation, consisting of the fundamental laser frequency and all Raman-shifted frequencies generated in the cell, is collimated by a lens and the individual components are separated by a PellinBroca prism. For LIF measurements the desired frequency is isolated by a diaphragm behind the prism and is focused by a cylindrical lens ͑ f ϭ 100 mm͒ in an oxyacetylene flame. The fluorescence is detected by a gated ͑20-ns͒, intensified CCD camera ͑ICCD-576G͞RB-E, Princeton Instruments͒ placed behind a monochromator ͑Chromex 250i͒. The system is used as an optical multichannel analyzer to disperse the fluorescence in the flame. Alternatively, it can be used to identify the frequency components in the output of the Raman cell by looking at scattered light ͑the Pellin-Broca prism is, in this case, replaced by a mirror͒. The camera output is digitized by a controller ͑ST-138, Princeton Instruments͒ and sent to a computer for further processing.
Results and Discussion
When the laser beam is focused in the Raman cell that is filled with a mixture of H 2 and D 2 , several Raman lines are generated. Shown in Fig. 2 The data of Fig. 2 are produced under the mixture conditions that were found to produce the most intense 224-nm ͑F 11 ͒ line. We determined the optimal mixture by measuring the intensities of the first Stokes lines in H 2 ͑F 10 ͒ and D 2 ͑F 01 ͒ and the 224-nm ͑F 11 ͒ line as a function of the mixing ratio for a constant total pressure of 25 bars. The result of this measurement is given in Fig. 3 . The dashed curves for the F 10 and the F 01 lines are best fits ͑sigmoidal͒ through the measured data. Multiplication of these two fitted curves results ͑after rescaling͒ in the solid curve, which is seen to correspond well to the measured intensity of the F 11 line. This is not unexpected since the F 11 line is the combined result of Stokes shifting in both H 2 and D 2 . From Fig. 3 Figure 4 shows the intensity profiles of the fundamental 193-nm radiation ͑F 00 ͒ in front of the Raman cell ͓Fig. 4͑a͔͒ and behind ͓Fig. 4͑b͔͒ the cell. There are some remarkable differences between the two plots. The intensity dips that are due to absorption of the 193-nm laser radiation by oxygen in the ambient air ͑Schumann-Runge bands 11 ͒ is less pronounced in the profile measured behind the Raman cell. A possible explanation for this can be found in the fact that the intensity of the laser beam depends on absorption losses by atmospheric oxygen. Because SRS is a nonlinear process, small changes in initial laser intensity can have a pronounced effect on the Raman conversion efficiency and therefore through energy conservation on the pump depletion. It is to be expected, therefore, that a larger proportion of the laser intensity is Raman shifted the further the laser frequency is tuned away from oxygen absorption features. Consequently, the laser intensity depletion is strongest between the oxygen absorptions. This is confirmed by the intensity profile of the 224-nm radiation given in Fig. 4͑c͒ . It can be seen that, within the tuning range of the laser, the intensity of the 193-nm radiation drops and the intensity of the 224-nm radiation rises as a result of SRS in that range. When the pump beam is absorbed by oxygen, the intensity of the 224-nm radiation drops, sometimes to zero as can be seen around 51,740 cm
Ϫ1
. The frequency range shown in Fig. 4 is somewhat larger than the tuning range of the excimer laser. Toward the tuning edges, the locking efficiency decreases and the laser becomes broadband. Part of this radiation is still Raman shifted, as can be seen from the noisy wings in Fig. 4͑c͒ . ͑Compare this with the zero intensity at the position of the strong O 2 absorption at 51,740 cm
.͒ It can be clearly seen in all three intensity profiles that fluorescence increases around 51,789 cm
. This is due to an intracavity C-atom absorption in the oscillator cavity of the ArF excimer pump laser at the 3 1 P 4 2 1 D transition frequency, causing the laser to work broadband. 12 ͑Note that this is in contrast to the O 2 absorption that occurs in ambient air outside the laser cavity, thus decreasing the laser power and fluorescence intensity.͒ Figure 4 is recorded with an old laser filling in which apparently many C atoms were present, rendering the absorption feature as broad as 10 cm
. We determined the tuning range and linewidth of the 224-nm radiation ͑F 11 ͒ by recording LIF spectra of NO in a flame. The F 11 component is used for excitation of NO at the A 2 ⌺ ϩ ͑Ј ϭ 0͒ 4 X 2 ⌸͑Љ ϭ 0͒ transition. The measured LIF spectrum is given in Fig. 5͑a͒ , together with the same part of this spectrum measured with a frequency-doubled dye laser working on Coumarin 47 ͓Fig. 5͑b͔͒. Assignment of the spectra is achieved with the data from Reisel et al. 13 ; a simulated spectrum ͑T ϭ 1800 K͒ is shown in Fig. 5͑c͒ . The oxygen holes in the gain curve of the F 11 line ͓Fig. 4͑c͔͒ are clearly reflected in the NO excitation spectrum of Fig. 5͑a͒ . There is good agreement of the F 11 spectrum with the dye laser spectrum and the simulated spectrum. The tuning range of the 224-nm radiation generated in the Raman cell is determined from the spectrum in Fig. 5͑a͒ as 270 cm
. This is equal to the tuning range of the pump laser. The linewidth of the 224-nm radiation is determined by a Gaussian fit through the R 11 ͑27.5͒ excitation line of the measured spectrum and is 0.9 cm
, which is equal to the linewidth of the pump beam. Under the current experimental conditions this linewidth is predominantly attributable to the linewidth of the pump radiation. Therefore no measurable line broadening is caused by Raman shifting.
The remaining 193-nm radiation behind the Raman cell is used to record a LIF spectrum of NO on the D 2 ⌺ ϩ ͑Ј ϭ 0͒ 4 X 2 ⌸͑Љ ϭ 1͒ transition. This spectrum, given in Fig. 6 , is well known and can be used for calibration of the pump laser frequency. 9 After a comparison of the spectra from Figs. 6 and 5, the Raman shift was determined to be 7142.3͑5͒ cm Ϫ1 which is equal to the sum of the vibrational spacings of H 2 and D 2 , as expected.
Conclusion
SRS of tunable, narrow-band 193-nm ArF excimer laser radiation in a H 2 and D 2 mixture is a useful technique to generate high-power, tunable, narrowband 224-nm radiation. The optimal condition for generating the most intense 224-nm radiation ͑con-version efficiency of 2.5%͒ is found to be a mixture of approximately 19% H 2 in D 2 ͑at a total pressure of 25 bars͒. The effect of ambient oxygen on the pump beam is clearly reflected in the intensity profiles of the 224-nm radiation and the 193-nm radiation in front of the Raman cell and behind the cell. The tuning range and linewidth of the generated 224-nm radiation are equal to those of the fundamental 193-nm radiation. By comparing NO excitation spectra recorded with either the fundamental or the Raman-shifted radiation, we found the net Raman shift to be 7142.3͑5͒ cm
Ϫ1
. This scheme allows LIF detection of NO starting from both the Љ ϭ 0 ͑on the A 4 X band at 224 nm͒ and the Љ ϭ 1 ͑on the D 4 X band at 193 nm͒ with use of a single laser source. The power of the 224-nm radiation that can be obtained by Raman shifting an ArF excimer laser exceeds the power delivered by frequency-doubled dye lasers in that region. Some obvious improvements of the experimental setup used here include antireflection-coated optics, thinner Raman cell windows, optimalization of the focus, and a purged beam path. If begun at 300 mJ͞pulse, Ͼ20 mJ͞pulse at 224 nm would be expected. ⌸͑Љ ϭ 0͒ transition of NO ͑a͒ measured with the 224-nm radiation ͑F 11 ͒ generated in the Raman cell, ͑b͒ measured with a frequency-doubled dye laser, and ͑c͒ simulated with data from Reisel et al. 13 Identification of the Q 11 branch is indicated. 
